Transition metal dichalcogenides (TMDs) represent a large family of high-quality 2D materials with attractive electronic, thermal, chemical, and mechanical properties.
Introduction
First mechanical exfoliation of graphene [1] [2] [3] [4] from graphite, raised an increasing attention toward two-dimensional (2D) materials [1] [2] [3] [4] [5] as a new class of materials with outstanding properties, well-suited for diverse applications ranging from nanoelectronics to aerospace structures. Since then, tremendous experimental efforts have been devoted to synthesize extensive types of 2D materials. As a results of experimental achievements during the last decade, currently a wide variety of fewatomic layer thick, high-quality and large-scale 2D materials are available such as hexagonal boron-nitride (h-BN) 6, 7 , graphitic carbon nitride 8, 9 , silicene 10, 11 , phosphorene 12, 13 , borophene 14 , germanene 15 , stanene 16 and transition metal dichalcogenides (TMDs) like MoS 2 , WS 2 , MoSe 2 and WSe 2 17, 18 . Although the graphene presents the highest known mechanical 19 and thermal conduction 20 properties, its zero-band-gap semiconducting electronic character limit its suitability for many applications. In this regard, MoS 2 , WS 2 , MoSe 2 and WSe 2 , TMDs films [21] [22] [23] [24] [25] [26] [27] have attracted remarkable attentions because of presenting direct band-gap in their single-layer forms, which propose them as promising building-blocks, such as transistors, photodetectors and electroluminescent in nanodevices 21, 28, 29 .
Reliable and large-scale synthesis of TMDs nanomembranes with homogenous properties plays however an essential role for their practical application in nanodevices. Now-a-days, TMDs films are mainly synthesized using the chemical vapour deposition (CVD) or chemical exfoliation techniques 21 . For the synthesis of large-area graphene [30] [31] [32] or h-BN [33] [34] [35] [36] nanosheets, CVD method has been employed as the most promising technique. In the similar way, CVD method has been also effectively used to fabricate large-scale and high-quality atomically thin TMDs nanomembranes [37] [38] [39] [40] [41] [42] [43] [44] [45] . An interesting fact about the TMDs films is that CVD method can be employed to fabricate both lateral and in-plane heterostructures [46] [47] [48] [49] made from different TMDs structures in which the electronic and optical properties are further tuneable. The CVD method is therefore currently among the most promising routes toward the synthesis of large-area 2D materials, so that the properties of CVD grown nanomembranes should be studied in detail. It is worthy to mention that during the CVD process, the crystal growth of individual grains often leads to the fabrication of polycrystalline structures. In the polycrystalline nanomembranes, at the places where the grains with different growth orientations meet, grain boundaries form. These grain boundaries extend throughout the structure and due to their 3 different atomic lattices, they are distinguishable from the atoms inside the pristine grains, those only with hexagonal atomic structure. Since the hexagonal atomic lattice is the most stable structure for MoS 2 , WS 2 , MoSe 2 , WSe 2 , MoTe 2 and WTe 2 , the non-hexagonal atomic lattices existing along the grain boundaries can be considered as topological defects. These defects can act as dislocation cores that originate stress concentration, scatter the phonons and alter the electronic states 50 along the grain boundaries and such that they may accordingly decline mechanical 51, 52 and thermal conduction properties [53] [54] [55] or substantially affect the electronic properties [56] [57] [58] . In this case by decreasing the grain size, more grain boundaries form in the CVD grown films and the density of defects consequently increases.
Among the TMDs nanomembranes fabricated so far, molybdenum disulfide (MoS 2 ) 18, 21 has attracted the most attention. MoS 2 presents semiconducting electronic character with a direct band-gap of 1.8 eV which has been experimentally produced in free-standing and single-layer form. Among the various properties of 2D materials, their thermal conductivity plays an import role in the design of nanodevices. In the applications related to the nanoelectronics and energy storage, to minimize the overheating issues, the thermal conductivity of employed 2D material should be high enough to efficiently and promptly transmit the heat to the environment in order to avoid failure of the system due to the excessive heats. For example, MoS 2 thin-film transistors 59, 60 have applications in high-temperature electronics 61 and in this case their thermal conductivity plays a crucial role not only in their performance but also for the safety and durability of the nanodevices. On the other hand, for particular applications like thermoelectricity, a 2D material with a lower thermal conductivity is more advantageous to improve efficiency in the energy conversion. By taking into consideration that in many application, TMDs nanomembranes are in polycrystalline form, a fundamental understanding of the thermal transport along the polycrystalline TMDs nanomembranes is of a crucial importance. In this investigation, our objective is to explore the heat conduction along the polycrystalline MoS 2 as the representative member of TMDs nanosheets. To this aim, we developed a combined atomisticcontinuum multiscale modelling. We discuss that the proposed hierarchical multiscale approach can be considered to efficiently analyze the effective thermal conductivity of various 2D nanomembranes and heterostructures with complex atomic structures and grain boundaries. 
Multiscale modelling
Based on the high resolution electron microscopy observations, it was found that MoS 2 grain boundaries, contain a wide variety of dislocation cores, consisting of pentagon-heptagon (5-7), tetragon-tetragon (4-4), tetragon-hexagon (4-6), tetragonoctagon (4-8), and hexagon-octagon (6-8) rings [43] [44] [45] . These experimental observations supported by the first-principles calculations [43] [44] [45] , and clearly reveal more complex configurations for grain boundaries in MoS 2 than in graphene or h-BN 32, 36 , for which the grain boundaries mainly include pentagon-heptagon dislocation cores.. Interestingly, it was experimentally observed and theoretically confirmed that only for the pentagon-heptagon defect pair along the MoS 2 grain boundaries, homonuclear S−S bonds can form 44, 45 . Fig. 1 , depicts the atomic structure of 20 different grain boundaries that were constructed in this study according to the experimental observations for MoS 2 [43] [44] [45] . If the two MoS 2 grains that meet each other are both oriented along the armchair direction, the resulting grain boundary presents 4-4 or 4-8 rings. On another side, if both grains are oriented along the zigzag direction, the formed grain boundary includes a 4-8 dislocation core. Nonetheless, for 5-7, 4-6 and 6-8 rings, there exist many possibilities for the MoS 2 grain boundary configurations.
Interestingly, for two MoS 2 grains with a particular misorientation angle, from the geometrical point of view, for the constructed grain boundary, there exist the possibility of formation of all 5-7, 4-6 or 6-8 dislocation cores simultaneously depending on the distances between the atoms in the two sides of the grain boundary. We note that the phonon scattering rates along the grain boundaries correlate with their defect concentrations in such a way higher thermal resistance is expected as the defect concentration increases. Among numerous possibilities for the construction of grain boundaries, we therefore selected 6 cases in which the defect concentration gradually increases. As shown in Fig. 1 for 5-7 grain boundaries, the defect concentration along the grain boundaries gradually changes and for the most and least defective cases there exist no hexagonal ring and 5 hexagonal rings, respectively, separating the two 5-7 dislocation cores. In a consistent manner, 6-8 and 4-6 grain boundaries were also constructed in a similar way as that we used to construct those with 5-7 rings. In these cases, however, the lateral mismatch between the atoms from the two sides of the grain boundary are different. In our modelling, we considered both the symmetrical and non-symmetrical grain 5 boundaries, as shown in Fig. 1 for 5-7 dislocation cores. We also note that all created structures in this work are periodic along the grain boundary direction. In this study, we explore the thermal conductivity along MoS 2 polycrystalline films through developing a combined atomistic-continuum (NEMD/FE) multiscale method. We first used reactive non-equilibrium molecular dynamics (NEMD)
simulations not only to compute the thermal conductance of the 20 constructed MoS 2 grain boundaries but also to obtain the heat conductivity of pristine MoS 2 . Based on the information provided by the classical NEMD simulations, we then constructed continuum models of polycrystalline MoS 2 using the finite element method to finally evaluate the heat transfer and effective thermal conductivity of samples at macroscopic scale. To further ensure the validity of our proposed technique, we also used similar multiscale approach to evaluate the thermal conductivity along polycrystalline graphene and h-BN and then we compared the results with effective thermal conductivity of fully atomistic models obtained using the equilibrium molecular dynamics (EMD) method.
Molecular dynamics calculations in this study were performed using LAMMPS The energy of an atomic system (E system ) in ReaxFF is described by:
as the sum of the bond energy (E bond ), valence-angle (E val ), torsion-angle (E tor ), lone pair (E lp ), over-coordinate (E over ) and under-coordinate (E under ), energy penalties (E lp ), plus the nonbonded van der Waals (E vdw ) and Coulomb (E coulombic ) contributions. In our recent study 64 , we studied the mechanical properties of all-MoS 2 heterostructures and confirmed the accuracy of the ReaxFF in simulating their mechanical responses.
NEMD method was employed to study the thermal conduction properties. In this case, the time increment of simulations was set to 0.25 fs. The NEMD modelling conducted in this study is very similar to those we used in our recent works 65 . In the NEMD approach, we first equilibrated the structures at room temperature (300 K).
Then, atoms at the two ends were fixed and the system was further equilibrated using the Nosé-Hoover thermostat method (NVT). We partitioned the simulation box into 22 slabs and applied a temperature difference of 20 K only between the first and last slabs 65 . In this step, the temperatures for these two slabs, so called hot (310 K) and cold (290 K) slabs were controlled at the adjusted values using the NVT method while the rest of the structure (i.e., the remaining 20 slabs) was simulated without any temperature control using the constant energy (NVE) method. As a result of applied loading condition, the steady-state heat transfer condition is achieved and results in a constant heat-flux, J x , in the structure together with a temperature profile along the specimen length. We note that we assumed a thickness where d E is the Euclidean distance. The seed properties were set by an optimization approach in order for the resulting tessellation cells to match specified morphological properties. The tessellation properties are imposed using two metrics to characterize the cells. The distribution of cell size is controlled using the so-called relative "equivalent diameter", d r , which corresponds to the ratio between the diameter of the circle of equivalent area of a cell and the average value over all cells. The distribution of the cell shapes is controlled using the so-called "circularity", c, which corresponds to the ratio between the perimeter of the circle of equivalent of the cell and the perimeter of the cell and takes the maximal value of 1 for a circular cell. In this work, the relative grain size distribution was represented by a lognormal law of standard deviation 0.45 (average 1), while the grain circularity distribution was represented by a normal distribution of average 0.9 and standard deviation 0.03. In our recent work 68 we showed that structures made on the basis of lognormal 8 functions can well reconstruct the experimental samples of polycrystalline MoS 2 multi-layer nanomembranes. A microstructure containing 10,000 grains was generated in this way and then meshed into linear triangular elements, with an average of 60 elements per grain, to ensure the accuracy of finite element simulations. Grains were considered as independent (but still adjacent) bodies, with a discontinuous mesh at boundaries to model heat transfer resistance existing between connecting grains. In this case, NEMD results for grain boundaries thermal conductance were randomly assigned to every grain boundary to define the properties of contact elements. Finally, heat transfer was simulated by imposing a temperature difference of ∆T = 1 K to two opposite sides of the domain, while the resulting temperature and thermal flux fields, were computed by the finite element method, using the Z-set software package [69] [70] [71] . The effective thermal conductivity of the polycrystalline films was finally acquired on the basis of established average heat-flux along the applied temperature difference, h f , length of the constructed polycrystalline sheet, L, and applied temperature difference, ∆T, using the following relation:
Results and discussions
We first investigate the thermal conductivity of pristine and single crystalline MoS 2 .
In this case, the NEMD simulations were carried out for samples with different [73] [74] [75] for the in-plane thermal conductivity of MoS 2 films. We however emphasize that our objective is to comparatively explore the effect of grain size on the thermal transport along polycrystalline MoS 2 films rather than to report exact thermal conductivity values. On the other side, concerning the thermal conductance along the MoS 2 grain boundaries, we found that because of the dominance of the phonon-defect scattering rate along the grain boundaries, the length effect in their thermal conductance is acceptably negligible (see Fig. 2b ). In Fig. 3 , the NEMD predictions for the thermal contact conductance of various MoS 2 grain boundaries at room temperature and as a function of their defect concentration are illustrated. The results are illustrated for the both symmetric and non-symmetric MoS 2 grain boundaries, as they were shown in Fig. 1 . By increasing the defect concentration along the grain boundary, the thermal conductance is expected to decrease due to the increasing of the phonon-defect scattering rates.
Nevertheless, based on our NEMD results, this observation appears to be valid only for the symmetric grain boundaries. In this regard, for the all considered MoS 2 grain boundaries consisting of 5-7, 6-8 and 4-6 dislocation cores, the thermal conductance of non-symmetric grain boundaries are found to be lower than the symmetric grain boundaries with higher defect concentration. This reveals higher phonon-phonon scattering rates along the non-symmetric grain boundaries, which originate from the mismatch of the phonon spectrum of the atoms in the two sides of the grain boundary. Nonetheless, and as expected, the symmetric grain boundaries with the lowest defect concentration present the highest thermal conductance. Based on our results, the thermal conductance of MoS 2 grain boundaries formed from 5-7 or 6-8 dislocation cores are very close. We found that MoS 2 armchair grain boundary with 4-8 dislocation core presents the minimum thermal conductance whereas the zigzag grain boundary formed from 4-8 defect pair yields distinctly higher thermal contact conductance (as shown in Fig. 2b ). Interestingly, it was observed that the grain boundaries consisting of 4-6 dislocation core yield the strongest thermal conductance. As discussed earlier, the acquired thermal contact conductance values were then used in our continuum modelling for the evaluation of effective thermal conductivity of macroscopic polycrystalline samples. In these modelling, for all grains, we considered an equal thermal conductivity of 37 W/mK, i.e. the one of pristine and singlecrystalline MoS 2 . For introducing the thermal conductance of every grain boundary in our FE modelling, we randomly selected a grain boundary and its corresponding thermal conductance was used. (Fig. 4a) . We note that the higher values for heat-flux illustrate the higher intensity of the thermal transport. In this case, because the conductance of the grain boundaries dominate the thermal transport, the heat-flux is transferred along the percolation paths in which there exist minimum resistance front the heat flow. Such that, the majority of the heat-flux are carried along grains that are large and elongated along the loading direction, percolating each other and preferably passing through grain boundaries with stronger thermal contact conductance. In addition, for polycrystalline films with small grain sizes, we found that the temperature distribution inside individual grains are almost constant, such that the temperature changes mainly occur at grain boundaries (Fig. 4b inset) . On the contrary, for polycrystalline MoS 2 sheet with the large grain size of 1000 nm, the established temperature profile is uniform and the temperature gradient also form inside the grains (Fig. 4d inset) , which implies that the effect of grain boundaries resistance is substantially weakened. In this case, different grains, irrespective of their sizes and their grain boundary configurations, are basically equally involved in the heat-flux transfer, which further confirms that the effect of grain boundaries resistance on the thermal transport is considerably weakened. In Fig. 5 , the normalized effective thermal conductivity of polycrystalline MoS 2 with respect to that of the pristine MoS 2 as a function of grain size, predicted by the NEMD/FE multiscale approach is illustrated. As it is shown, for polycrystalline samples with the grain sizes in nanoscale, the thermal conductivity initially increases sharply by increasing the grain size. By further increasing of the grain size and approaching the micro-scale, the increase in the thermal conductivity slow down and finally reaches a plateau, very close to the thermal conductivity of defect-free MoS 2 .
Since we assumed equal thermal conductivity for grains, the main factor that determines the thermal conductivity is the grain boundaries thermal conductance.
Our modelling results reveal that the thermal conductivity of CVD grown MoS 2 films can be tuned by one order of magnitude through controlling the grain size. As discussed in our earlier study To define the constant value for the grain boundary conductance in Eq. 6, we simply averaged the NEMD results for the constructed 20 MoS 2 grain boundaries. The results based on the mentioned analytical function are also compared with those that were acquired using our original FE polycrystalline modeling, as illustrated in Fig. 5 .
It can be seen that the analytical modeling distinctly underestimates the results of our elaborated FE modeling, especially for the polycrystalline samples with grain sizes smaller than 100 nm. As already discussed, for the ultra-fine grained MoS 2 , the grain boundaries thermal conductance dominate the heat-flux transfer and such that considerable portions of the heat-flux are carried through percolation paths with minimal thermal resistances, which can consequently enhance the thermal transport.
Such an enhancing effect on the thermal transport however cannot be considered in the 1D modelling and this well explain the underestimation of the FE results by the analytical function. As expected, by increasing the polycrystalline MoS 2 grain size, and subsequent decline of the percolation paths for the heat transfer, the results by the analytical function converge to those of FE modelling. Nevertheless, our study highlights that the simple analytical function based on the line and point conductors can be considered as a lower-bound to estimate the effective thermal conductivity along the polycrystalline materials.
In our earlier work 76 , we used equilibrium molecular dynamics (EMD) for the direct evaluation of the thermal conductivity of polycrystalline h-BN using the fully atomistic models. However, construction of fully atomistic models of polycrystalline . We also additionally constructed polycrystalline graphene and h-BN with the grain size of 15 nm with around 88,000 atoms, as shown in Fig. 5b and Fig. 5c , respectively. In our most recent study 79 , we also used the NEMD method to estimate the thermal contact conductance of 6 different grain boundaries for the both graphene and h-BN.
This way, we also used the NEMD results for the graphene and h-BN grain boundaries in our constructed FE model with 10,000 grains. In these cases, the thermal conductivity of graphene and h-BN grains were considered to be 3000 W/mK and 600 W/mK, respectively, according to our NEMD results for their singlecrystalline films. In Fig. 5 , we compared the normalized thermal conductivity of polycrystalline graphene and h-BN predicted by the proposed NEMD/FE approach and calculated using the EMD method for fully atomistic structures. Interestingly, the predictions by the NEMD/FE and EMD methods match accurately for the normalized thermal conductivity of polycrystalline h-BN. Nevertheless, the NEMD/FE slightly overestimates the EMD results for the polycrystalline graphene.
It should be however noted that as discussed in a recent study 80 , the EMD method implemented in the LAMMPS underestimates the thermal conductivity of graphene.
Our EMD calculations predict the thermal conductivity of pristine graphene and h-BN around 1000±100 W/mK and 300±20 W/mK, respectively, which are considerably smaller than our NEMD results. However, comparison with the NEMD/FE results clearly reveals that the EMD method can acceptably simulate the relative reduction in the thermal conductivity of polycrystalline films, though it
underestimates the values for the thermal conductivity. Nonetheless, the NEMD/FE method can be considered as a reliable approach not only to study the relative reduction but also more importantly to report exact values for the thermal conductivity (provided that the thermal conductivity of single-crystalline film is reproduced accurately). Our multiscale modelling results reveal (shown in Fig. 5) that the thermal conductivity of polycrystalline MoS 2 , graphene or h-BN can be tuned by one order of magnitude through controlling the grain size. However, based on our findings this goal can be achieved only by fabrication of polycrystalline nanomembranes with grain sizes smaller than 100 nm. For the 2D materials with ultra-fine grain sizes, we should nevertheless remind that the electronic properties may substantially get affected 50, 56, 58 , which may not be desirable for many applications. Worthy to mention that in the case of graphene nanomembranes, experimental studies have shown the possibility of tuning the thermal conductivity by defect engineering 81, 82 or fabrication of graphene laminates 83, 84 . These experimental routes [81] [82] [83] [84] can be also extended for the tuning of thermal transport along TMDs nanomembranes. To evaluate the roles of the grain size distribution on the established heat-flux field, a new microstructure was generated for which all grains have close grain sizes. This was achieved by using the same method as before, but in this case we imposed the close size to all grains (Dirac delta distribution). Two different grain size distributions were considered, one with a standard deviation of 0.45 (as before, see
Section 2) and the other with a standard deviation of 0.01 (representing the uniform distribution). Since the effect of grain boundaries thermal conductance was found to be considerable for the grain sizes in nanoscale, in this case we accordingly studied the polycrystalline MoS 2 with the small grain size of 10 nm. Fig. 6 provides the heat-flux distributions for these 2 microstructures with uniform and non-uniform grain size configurations. Comparing Fig. 6a and Fig. 6b , it appears that by reducing the grain size distribution (approaching to the uniform grain configuration), the heat-flux distribution becomes more homogenous and uniform. As discussed before, this was expected since largest grains provide stronger diffusion paths, especially when these grains form clusters along the diffusion direction. However, for the sample with uniform grain size (and therefore in the absence of preferential diffusion paths), heatflux heterogeneity still is present, which is due to the distribution of different grain boundaries thermal conductance. Here, the relative influence of the grain size distribution and grain boundaries thermal conductance distribution can be quantified. Fig. 6c illustrates the heat-flux frequency distributions for the 2 considered microstructures, which both exhibit bell curve shapes but with different We also used density functional theory (DFT) calculations using the Vienna ab initio simulation package (VASP) 85, 86 along with the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation exchange-correlation functional 87 . eV criteria for the relaxation of the structures. We found that for the all considered TMDs films, the constructed grain boundaries are stable (as shown in Fig. 7 for few samples).
Interestingly, our first-principles investigation reveal that the trends for the mechanical strength of different grain boundaries are similar for the all considered
TMDs single-layer films, which will be discussed in our oncoming study. 
Conclusion
We developed a combined non-equilibrium molecular dynamics (NEMD)/finite element (FE) multiscale modelling to explore the thermal transport along polycrystalline and single-layer MoS 2 . In the proposed approach, we first employed the NEMD method to investigate the thermal conductivity of pristine and defect-free 
